Solid oxide fuel cell ͑SOFC͒ has been widely recognized as one of the promising clean energy technologies. Porous electrode is a critical component of SOFCs and provides a functional material backbone for electrochemical reactions, charge migrations, fuel/gas species transport, and heat transfer. As a result, the microstructure properties of porous electrodes significantly affect the SOFC performance, such as activation overpotentials and concentration overpotentials. In order to understand the fundamental mechanisms associated with multi-physicochemical processes in porous electrodes, mathematical modeling approach has been extensively employed in literatures, where the model parameters associated with electrodes are characterized using a spherical particle random packing method. [1] [2] [3] [4] [5] [6] [7] Upon mathematical model development, parameter studies are utilized to improve electrode performance. Ni et al. 5 investigated effects of electrode porosity, the porosity value of 0.4 identified can maximize cell performance under certain operating conditions. Nam and Jeon 6, 7 found that particle diameter is the most important parameter determining cell performance, e.g., smaller particles may lead to the reduced activation overpotential loss, the increased triple phase boundary ͑TPB͒ length, and the increased concentration overpotential losses. Their studies also indicated that the porosity and thickness of electrodes have the conflicting effects on the cell performance. In this context, homogeneous electrode property is generally assumed.
Functionally graded electrode has shed light on the novel electrode design for SOFCs. [8] [9] [10] Greene et al. 8 investigated an electrode with a functionally graded porosity distribution in one dimension with the mean-transport pore model to approximate the geometry of a porous media. Results showed that increasing the electrode porosity near the electrolyte will improve the cell performance for certain fuels. Ni et al. 9 studied the particle size gradient using onedimensional modeling and consequently porosity gradient effects on SOFC performance. The results demonstrated that while this design could significantly enhance the gas transport for thick electrodes, too much gradient for thin electrodes may increase the activation overpotentials. It is also claimed that the particle size gradient is generally more effective than the porosity gradient. Cable and Sophie 10 created a symmetrical, bielectrode supported cell, where the functionally graded porous electrodes were fabricated using the freeze tape casting technique. Recently, we developed a comprehensive SOFC model to study functionally graded electrodes in a general sense. 11 Results indicate that a suitable microstructure design of electrodes may significantly improve SOFC performance.
While functionally graded electrode may provide great potentials to improve SOFC performance, these designs are essentially ad hoc, where the porosity and particle size of electrodes are assumed empirically. It is well known that very complicated multiphysicochemical processes are involved in functional electrodes; consequently, very strong interdependency exists among heat transfer, fuel/gas transport, charge migration, and electrochemical reactions. The improvement of one aspect does not necessarily lead to the improvement for others; on the contrary, it may cause performance deterioration for others. For example, better mass transport performance, e.g., large porosity of electrodes, may cause performance decrease for charge conductivity of porous networks and the effective triple phase boundary length. While the dense electrode design may improve the conductivity for the charge transport, it will inevitably lead to the increased mass transport loss. The competing nature of these properties imposes a great challenge on suitable electrode designs. Especially, SOFC performance is nonlinearly dependent on multiparameters associated with the electrodes.
In this paper, a systematic design method is developed to tune the porosity and particle diameter distributions of electrodes so that the overall SOFC performance can be optimized. In particular, an SOFC model is established to link the electrode property ͑parameters associated with electrode͒ with a design objective function ͑cell performance͒. A genetic algorithm is employed to systematically search a design space according to the model development. A proton conducting button cell is utilized as an example to demonstrate the optimization approach.
Mathematical Modeling
The SOFC model development is based on the experimental setup as shown in Fig. 1 . An anode-supported button cell is mounted on one end of a large ceramic tube. The mixture of hydrogen and vapor as fuel is supplied to the anode electrode via a small ceramic tube. The surplus gas will flow out through the large ceramic tube. The cathode electrode is exposed to ambient air. A tube furnace is used to control the temperature of the cell test stand. Due to the axial symmetry, two-dimensional computational domain is employed and a proton conducting SOFC NiO-BZCY7/BZCY7/BZCY7-GBCF 12 is employed as a physical base for the model development. In order to keep the conciseness and compactness of the paper, the mathematical model is summarized in Table I . The detailed SOFC modeling approach can be found in our recent paper. 11 The model associated parameters are characterized in Table II .
Model Validation
The mathematical model presented in this paper is solved using the finite element package COMSOL MULTIPHYSICS version 3.5a. For a specified cell voltage at anode electrode boundary, the corresponding cell average current density is calculated. The cell polarization curve is then obtained by specifying a series of cell voltages and calculating the corresponding average current densities.
Model validation with experimental results is very useful to test model behavior upon the variation of physical parameters. For this purpose, we measured polarization performance of an in-house made button cell ͑NiO-BZCY7/BZCY7/BZCY7-GBCF͒ consisted of a ϳ650 m thick NiO-BZCY7 anode-supported layer with relatively large porosity, an ϳ80 m NiO-BZCY7 anode functional layer with relatively small porosity, an ϳ20 m thick BZCY7 electrolyte membrane, and an ϳ15 m GBCF + BZCY7 cathode layer.
The cell was tested from 600 to 700°C with humidified hydrogen ͑ϳ3% H 2 O͒ as fuel and the static air as oxidant. 12 The experimental result is shown in Fig. 2 . The physical parameters used in the model validation are shown in Table III . The parameters with "*" are difficult to determine in the experiment and are used as adjustable parameters to fit the model predictions with the experimental results. The comparison results are shown in Fig. 2 . It can be seen that the numerical results agree reasonably well with the experimental results.
Electrode Optimization via Genetic Algorithm
The validated SOFC model then can be employed to improve/ optimize the cell performance. This task is generally performed through parameter study in literature, where the design parameters are varied in certain ranges and the cell performance is examined accordingly. The parameters corresponding to the best cell performance are claimed as the desired design parameters. However, this parameter sweeping design method might be only applicable for relatively simple cases with a couple of design parameters. Considering the multidesign parameters of SOFC electrodes, it will be extremely difficult for such a design method to single out the design parameter values corresponding to the optimal cell performance, where the design space defined by multiparameters is multidimensional, the design solutions induced by the combination of these parameters could be infinite.
In this paper, a genetic algorithm is employed to design electrodes through the effective searching of the design space so that the cell performance can be maximized. Genetic algorithm is an adaptive optimization strategy and is used to search the design space according to the principle of natural selection and the survival of the fittest. Figure 3 illustrates the SOFC electrode optimization procedure using a genetic algorithm. The initial population ͑electrode design͒ is generated either randomly or empirically. Each individual in the population represents a possible solution ͑e.g., distributions of porosity and particle size for electrode͒ in the design space and is generally called a chromosome; the design solution is described by a binary code. For each individual, their corresponding objective function ͑e.g., cell polarization performance͒ is calculated using the 11 
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Journal of The Electrochemical Society, 158 ͑2͒ B143-B151 ͑2011͒ B146 favors the more fit individuals. With the two selected parents, the crossover operation is employed to cut their chromosome strings at a randomly chosen position. The tail segments are then swapped over to form two offspring. The mutation operation is then applied to each child individually after crossover, and randomly alters each gene ͑bit of coding string͒ with a small probability. It is generally recognized that the crossover may rapidly explore the design space while the mutation provides a small amount of random search and ensures that every point in the design space has probability to be examined. [13] [14] [15] With new descendents, the procedure performs the next iteration of the search until the optimal design solution is obtained.
In order to perform the optimization design, both the electrode porosity and the particle size are represented using graded functions in a general sense
where subscripts a and c represent anode and cathode, respectively; Z is a dimensionless parameter measuring the distance between the electrode/electrolyte interface ͑corresponding to value 0͒ and the electrode/gas channel interface ͑corresponding to value 1͒; and are variables defining the shape of graded porosity and particle size distributions. The distributions defined by Eq. 26 and 27 can be parabolic, linear, and inverse parabolic. As a result, the porosity and particle size monotonically increase from the electrode/electrolyte interface toward the electrode/channel interface. This idea is inspired by the functionally graded electrodes fabricated using the freeze tape casting technique, 10 where the porosity reaches the minimum value at the electrode/electrolyte interface while reaching the maximum value at the electrode/channel interface. The porosity and particle size are dependent on the specific fabrication processes. The upper and lower bounds are established based on the fundamental physical considerations. For example, the electrode with too high porosity might not be practical, so the upper bound 0.6 is chosen in this paper; considering the functionally graded design, the lower porosity bound less than the upper bound is needed, e.g., 0.2. The particle size is dependent on the specific synthesis process, here the bound ͑0.1 m, 1 m͒ is chosen. For practical designs using the proposed method, these parameters can be adjusted according to the specific synthesis/fabrication processes. The purpose of the design is to search for suitable combinations of porosity and particle size distributions via a genetic optimization algorithm so that the cell performance is maximized.
Two issues need to be solved for genetic algorithm implementation: one is the genetic representation of the design variables; another one is the definition of fitness function measuring the quality of the represented solution. According to Eq. 26 and 27, and are the design variables. To implement the genetic representation of design solution, the following transformation is employed
where i,max and i,min are the maximal and minimal values of i , and i,max and i,min are the maximal and minimal value of i , respectively. The "pr" is an eight-bit binary code string representing the corresponding decimal values of and . For an eight-bit binary code string, the maximum value is ͑11111111͒ and the minimum value is ͑00000000͒, and when transformed into decimal numbers, the values are 255 and 0, respectively. As a result, the pr variation between ͑00000000͒ and ͑11111111͒ in the binary code format is equivalent to the pr variation between 0 and 255 in the decimal format. A eight-bit code can approach to a precision of 4 ϫ 10 −3 ; therefore, the relative error of i ͑or i ͒ expression is less than 1% in this paper. 16, 17 During the searching procedure of optimal solutions, Eq. 28 is utilized for a two-way transformation between and and their corresponding eight-bit binary codes. The values of and are used for the SOFC model to calculate the objective/fitness functions, while their corresponding eight-bit binary codes are utilized for the operations of the genetic algorithm.
Because the purpose of the optimization is to maximize the cell performance, the cell average current density is employed as the fitness/objective function as shown in Eq. 29, where the summation of the cell current densities under the concerned cell voltage range will be maximized. In Eq. 29, j is the average current density of the cell and M is a constant coefficient used to facilitate the calculation of genetic algorithm optimization
The genetic algorithm is implemented using the in-house developed code. The SOFC simulation is embedded into the optimization loop for optimal solution searching. Due to the global property of genetic algorithm, 13 the initial population to start the algorithm is randomly selected within the bounds in Eq. 26 and 27.
Results and Discussion
For the design of electrodes, the combination of both the particle size and the porosity is optimized. The basic physical parameters of the model are shown in Table III . Four cases are considered and compared, including homogeneous particle diameter and graded porosity ͑case I: homo-d p , heter-͒, graded particle diameter and homogeneous porosity ͑case II: heter-d p , homo-͒, homogeneous particle diameter and porosity ͑case III: homo-d p , homo-͒, and graded particle diameters and graded porosity ͑case IV: heter-d p , heter-͒. The general graded porosity and graded particle diameter are represented using Eq. 26 and 27, respectively. For homogeneous case, the porosity and particle diameter are uniform, e.g.
In the experimental setup shown in Fig. 1 , the cathode is exposed to air, the humidified hydrogen is supplied to the anode through a small ceramic tube. In optimization designs, three fuel compositions at the inlet of fuel supply tube are assumed; i.e., the molar ratio of hydrogen to vapor is chosen as 0.97:0.03, 0.6:0.4, and 0.4:0.6, respectively. Using optimization procedure illustrated in Fig. 3 , we perform electrode designs according to Eq. 26, 27, 30, and 31. The history of fitness value evolution is shown in Fig. 4 . The vertical axis is the fitness while the horizontal axis is the number of iteration times. It can seen that the fitness reaches a stable value for each of the four design cases after about 500 times iteration and the genetic algorithm converges. The corresponding optimization results of the cell performance are shown in Fig. 5 . When the inlet molar ratio of hydrogen to vapor is relatively high ͑H 2 /H 2 O = 0.97:0.03͒, the performances of the cell with different electrode designs are quite similar to each other as shown in Fig. 5a . At a high cell current density, the cell performance shows a slight difference. When the fuel composition at the inlet of supply tube changes to H 2 /H 2 O = 0.6:0.4, the cell performance comparison is shown in Fig. 5b . It is obvious to see that the cell performance difference is significant when the current density is beyond ϳ3700 A/m 2 . The performance of the cell with homogeneous electrode design ͑uniform particle size and uniform porosity distribution͒ is the worst one, while the cell with heterogeneous electrode design obtains the best performance and is quite close to case II electrode design ͑heterogeneous particle size and homogeneous porosity͒. The performance of the cell with case I electrode design ͑homogeneous particle size and heterogeneous porosity distribution͒ is in between. It is worth mentioning that even though the B147 Journal of The Electrochemical Society, 158 ͑2͒ B143-B151 ͑2011͒ B147 cell with homogeneous electrode design has the worst performance, it is the best performance we can obtain using the optimization algorithm when the homogeneous electrode is assumed. When the fuel composition at the inlet of the supply tube changes to H 2 /H 2 O = 0.4:0.6, the optimized cell performances are shown in Fig. 5c . The cell performance shows a similar trend to those shown in Fig. 5b ; however, the performance starts to deviate from each other beyond the current density of about 2500 A/m 2 , and the difference becomes increasingly significant when comparing the homogeneous electrode design ͑case III: uniform particle size and uniform porosity͒ to the rest of electrode designs. One may notice that the optimization results are dependent on the operating conditions, e.g., fuel composition at the inlet of supply tube. One may also notice that the cell with heterogeneous electrode design ͑case IV͒ obtains the best performance, while that with homogeneous electrode design ͑case III͒ has the worst performance. The graded electrode design may effectively improve the cell performance under the conditions of the high current density and the low ratios of hydrogen to vapor. In all of the three fuel composition conditions, the electrode design with heterogeneous particle size and homogeneous porosity ͑case II͒ obtains a similar cell performance to that with heterogeneous particle and porosity ͑case IV͒, indicating that the graded particle size has more potentials to improve the cell performance than the graded porosity in the present system settings.
The corresponding electrode ͑anode and cathode͒ design results are detailed in Table IV for different fuel compositions. For homogeneous porosity ͑cases I, II, and III͒, the optimized value consistently reaches the specified low limit porosity of 0.2 for the cathode; the optimized porosity for the anode reaches the specified high limit value of 0.6 with an exception of case III under the fuel composition of H 2 /H 2 O = 0.97:0.03, where the optimized porosity is 0.451 as shown in Table IV . In the anode-supported SOFC, the anode electrode is much thicker than the cathode electrode, consequently, the high porosity for the former facilitates the fuel diffusion; however, the low porosity for the cathode indicates that the gas diffusion resistance is not a major hurdle for the thin cathode in this work. For homogeneous particle size cases ͑cases I and III͒, the optimized diameter unanimously reaches the specified low limit value of 0.1 m for the cathode and anode with homogeneous porosity. When the heterogeneous porosity is employed for the anode ͑case I͒, the optimized particle diameter is dependent on the fuel composition. When the ratio of hydrogen to vapor is relatively high 
B148
Journal of The Electrochemical Society, 158 ͑2͒ B143-B151 ͑2011͒ B148 ͑0.97:0.03͒, the optimized particle diameter is still 0.1 m. When the ratio of hydrogen to vapor reduces to a relatively low value, e.g., 0.6:0.4 and 0.4:0.6, the optimized particle diameter raises to 1 m.
In the case of graded electrode designs, the results listed in Table  IV for the anode electrode are visualized in Fig. 6 , including the graded porosity ͑Fig. 6a through 6c͒ and the graded particle size ͑Fig. 6d through 6f͒. When the fuel composition at the inlet of fuel supply tube is set at H 2 /H 2 O = 0.97:0.03, the optimization result of the anode porosity distribution is identical for case I ͑homogeneous particle size and heterogeneous porosity͒ and Case IV ͑heteroge-neous particle size and heterogeneous porosity͒ as shown in Fig. 6a . The corresponding optimized particle size distribution for case IV is shown in Fig. 6d , which is different from the optimized homogeneous particle size for case I. This difference drives a slight distinction of the cell performance for case I and case IV as shown in Fig.  5a . When the ratio of hydrogen to vapor at the inlet raises to 0.6:0.4 and 0.4:0.6, the optimization results of Case IV are shown in Fig. 6b and 6c for the porosity distributions and in Fig. 6e and 6f for the particle size distributions. Because both porosity and particle size distributions of Case IV are different from those of Case I, the differences of corresponding cell performances shown in Fig. 4b and 4c become significant. The comparisons of case II ͑heterogeneous particle size and homogeneous porosity͒ with case IV are shown in Fig. 6e and 6f . Under the different inlet fuel composition settings, the optimized particle size distributions are almost identical. Although the porosity distributions for case II and case IV are totally different, the corresponding cell performance is very close to each other as shown in Fig. 4a through 4c . This observation again indicates that the particle size gradient is more effective than the porosity gradient in cell performance improvement in the present system settings.
For the graded cathode design, the optimized design parameters and unanimously reach the maximum value of 20. Considering Eq. 26 and 27, we can see that the porosity and particle size distributions are approximately uniform with values of 0.2 and 0.1 m, respectively. In the anode-supported SOFCs, the cathode layer is very thin. The path of the oxygen ͑air͒ transport from the surrounding atmosphere to the reaction sites is very short. Additionally, the free air breathing is employed for the gas supply at the cathode side in the current physical settings. Consequently, the functionally graded distributions do not play critical roles in this case. Instead, the fine particle size and the small porosity will increase the effective reaction area and facilitate the cell performance improvement. These are the reasons that the optimized cathode property approaches uniform and reaches the minimum bound ͑0.2 for the porosity and 0.1 m for the particle size͒ even though the graded cathode is assumed for the optimization process.
According to the optimized electrodes in Table IV , the corresponding hydrogen molar fraction distribution is further examined, where the operating condition for the cell with the inlet fuel composition of H 2 /H 2 O = 0.6:0.4 and the cell voltage of 0.4 V is chosen as an example. Figure 7 shows the hydrogen molar fraction distributions with different electrode ͑anode and cathode͒ designs. Essentially the hydrogen molar fraction decreases from the inlet toward the anode/electrolyte interface. The gradient of hydrogen molar fraction distribution is induced by the combinational effects of electrochemical reaction and diffusion resistance. The lower hydrogen molar fraction in the anode will result in the higher concentration overpotential loss. From Fig. 7 , one can see that the case III design Figure 6 . ͑Color online͒ Anode porosity distribution of cases I and IV ͓͑a͒-͑c͔͒ and particle diameter distribution of cases II and IV ͓͑d͒-͑f͔͒.
leads to the highest concentration overpotential loss, this observation is consistent with the cell performance shown in Fig. 4b . Although the cell with the case I design has the highest hydrogen molar fraction within the anode, the corresponding performance is not the best one ͑Fig. 4b͒. Other parameters such as particle size also affect the electrode property and consequently the cell performance. This result further confirms the previous understanding that the electrode property is determined by several competing parameters. The hydrogen molar fraction distributions in Fig. 7b and 7d can be similarly interpreted.
Conclusions
A comprehensive mathematical model of anode-supported SOFC integrated with a fuel supply tube is presented. The model is validated using the experimental results of a proton conducting SOFC ͑NiO-BZCY7/BZCY7/BZCY7-GBCF͒ under different operating conditions. Based on the model development, a genetic optimization method is employed to design the electrodes ͑anode and cathode͒ so that the cell performance is maximized. Results indicate that the optimization results of graded electrodes may obtain the best cell performance while those of homogeneous electrodes obtain the worst cell performance. The graded particle size distribution is more effective than the graded porosity distribution on the cell performance improvement. The optimization results are dependent on the cell operating conditions. For the anode-supported SOFC with freeair breathing conditions, the optimized cathode properties tend to be uniform with the minimum particle size and minimum porosity.
